The process of chemical enhanced oil recovery, CEOR, involves the injection of substances, such as polymers, that reach the production well after permeating the reservoir. These products affect the stability of the produced oily water after primary separation, making it harder to break down these oil-inwater emulsions. In an attempt to overcome this problem, researchers have studied the influence of polymers on the stability of oily water and have proposed the use of new equipments and chemical additives. This article reviews the studies of the influence of polymer flooding, the most used CEOR technique, on the stabilization and treatment of produced oily water. It is important to understand the influence of polymers on water treatment to avoid interrupting the production of oil and, more importantly, to prevent environment contamination.
INTRODUCTION
In some countries, while the demand for petroleum is increasing the production is falling due to difficulties in extracting oil from mature fields and finding new fields. For this reason, the use of enhanced oil recovery (EOR) methods is becoming increasingly important (Abidin et al., 2012). Initially, the use of EOR was limited because of its high costs, which made it financially unattractive, but the development of less expensive technologies (Gao & Sharma, 2012) and the high oil prices in 1980s and 2000s changed this situation.
Before the development of EOR, there were basically two types of oil extraction: primary recovery, relying only on pressure in the reservoir and/or pumps; and secondary recovery, involving on the injection of water (salt or fresh) or an immiscible gas (Correia, 2006). However, these methods are of little effectiveness. For example, primary recovery only manages to extract 10 to 30% of the oil in the reservoir, while secondary recovery still leaves behind 50 to 55% of the oil (Sandrea & Sandrea, 2007; Elraies et al., 2010). It is important to underscore that the words secondary and primary are not correlated with the implementing order, there is no need to start oil recovery using primary recovery or apply secondary recovery before EOR.
Chemical enhanced oil recovery (CEOR), as the name indicates, involves the injection of chemical fluids (polymers, surfactants, and/or alkalines) . It can increase the recovery rate by up to 35% (Nguyen et al., 2012). Because of its good performance, CEOR has become one of the most successful methods to improve recovery from depleted reservoirs and with low pressure (Austad & Milter, 2000) .
The fluids used can contain polymers (P), surfactants (S), alkalis (A), or mixtures of these components. ASP fluids are typically most effective, since each of its components have a specific function.
The function of the polymer consists of raising the viscosity and, hence, the mobility of the crude oil, increasing the volumetric sweep efficiency (Figure 1) (Maheshwari, 2011) . The action mechanism of polymers is still under investigation. Although they increase the sweep efficiency, some authors report that the final recovery attained is the same as with water flooding, although much faster (Littmann, 1988) . Other researchers, however, argue that polymers can increase the recovery of some types of residual oils (Zhang et al., 2008) .
Surfactants are used in EOR to reduce the interfacial tension between water and oil (Donaldson et al., 1985)
. These molecules are amphiphilic, having a hydrophilic group (head) and a hydrophobic group (tail).
In some cases, a cosurfactant is also used to reduce more the water-oil interfacial tension (Donaldson et al., 1985) when the interfacial tension using only one surfactant is still very high. Generally, medium-chain alcohols are employed in the process (Gradzielski, 1998). The need to use a cosurfactant can be diminished by employing surfactants with branched chains, adding ethylene One of the most investigated mechanisms is the reduction of the water-oil interfacial tension due to the reaction of the alkaline compounds with the acids present in the oil, such as naphthenic acids, generating a soap (a term use to differentiate it from injected surfactants), which can stabilize the emulsions formed. This action increases the displacement efficiency. The efficiency in reducing the interfacial tension depends on the pH of the water, the concentration and type of salt, the organic acids present in the solution, and oil, respectively (Cooke et al., 1974).
The components applied in CEOR elute from the well together with the oil and gas. They are sent for a primary treatment, in which the three phases (water, oil, and gas) are separated. However, after this primary separation, the produced water still contains oil droplets, so it needs to be treated further before being discharged or reinjected. Water-soluble polymers remain in the aqueous phase and reach the water treatment station, where they can cause many problems, such as failure of heating equipment and reduced efficiency of hydrocylones and gas flotation units In response to these problems, some researchers have studied the influence of the CEOR components on the stability of oily water. However, there are very few laboratories equipped and people trained to study this question (Walsh & Henthorne, 2012) . The study of the stability of these emulsions in the presence of the chemicals used for treatment, or even to design new devices to treat produced water is still under investigation. There is also a need to develop new products and technologies that can be used in existing water treatment units. This review article focuses on the effect of polymers used in CEOR on the stability of emulsions, because: (i) despite the existence of many studies investigating the action of polymers in CEOR on the stability of oily water, a definitive conclusion is yet to be reached on the most important action mechanism of a flocculant in the presence of the polymers used in CEOR;
(ii) although partially hydrolyzed polyacrylamide (HPAM) is the main polymer studied 
INFLUENCE OF POLYMER FLOODING ON THE STABILITY OF OIL-IN-WATER EMULSIONS
To determine the influence of this technique, various factors must be determined, such as the composition and oil concentration of the produced water, the form of producing the emulsions, the polymer and its concentration, and the equipment that will be used.
Produced water composition
One of the first parameters to be defined is the determination of the salts and their concentrations. This is important because salts can cause the precipitation of polymers and influence the net electric potential difference between the surface of the dispersed particles (oil droplets) and the medium, affecting the flocculant's efficiency.
For
example, partially hydrolyzed polyacrylamide performs well as a thickener due to the presence of anionic charges along the polymer chain, which by repulsion increases the polymer's radius of gyration and the solution's viscosity (Stokes, 1997). However, the hydrolysis degree cannot be too high because this makes the polymer more sensitive to salinity, since electrolytes can have a shielding effect, making the carbon-carbon bonds free and diminishing the polymer's hydrodynamic volume and efficacy (Donaldson et al., 1985). The same effect can occur when the hydrolysis degree is low but the salinity is high (Donaldson et al., 1985) . Although high ion concentrations impair the performance of this polymer, fluids with low salinity are potentially damaging to reservoirs, so salinity parameters need to be established for injection water (Donaldson et al., 1985) . Furthermore, the content of the injection water is related closely to the salt concentration of the produced water, so it is necessary to evaluate whether this water will interact with the formation water, which can either have different salts or the same salts but in different concentrations than the injected water. Di and collaborators conducted tests to assess the salt composition of injected and produced water (Di et al., 2001). They found that the produced water contained an additional salt to those found in the injection water, sodium carbonate, and that the proportions of the other salts were significantly different.
The literature contains reports of various compositions of synthetic brines used to study the behavior of produced water. Table 1 lists examples of the synthetic produced waters from various articles.
Fine solids may also be present in the medium and they may help stabilize the emulsion (Yan, Masliyah, 1996). These solids can come from the rock formation, corrosion products, bacteria, and asphaltenes (Motta et al., 2013).
Oil concentration and droplet size in produced oily water
The oil concentration and droplet size in produced water can be related to the shear force between the oil and water phases during production of crude oil and the contents of natural and synthetic emulsifiers present in the emulsion. It is important to formulate a synthetic oily water for testing with a determined oil concentration and droplet size distribution, according to the treatment process of interest, since the treatment can have limitations regarding these two parameters. For example, while hydrocycloning can remove droplets measuring 10-15 μm, gas-induced flotation with addition of chemicals can remove droplets in the range of 3-5 μm (Frankiewicz, 2001).
Various oil concentrations and initial droplet sizes in oily water for treatment have been reported in the literature, mainly between 250 and 2,000 mg/L and 1 to 100 μm, respectively ( Argillier et al.
Preparation of oily water samples
Generally, the preparation of an oily water sample is relatively simple, but it is very important to describe it in detail, because this can interfere with the concentration of oil incorporated in relation to that introduced, and modify the droplet size distribution. Furthermore, the preparation procedure is more important when the emulsion contains polymers, since they can degrade depending on the shear force used. Another important point is the way of extracting the oil from the water. In studies made by our group (Magalhães et al., 2015) , it was observed that caution is necessary in choosing the solvent for this procedure. Figure 2 shows the organic part after extraction of oil using pentane ( Figure 2A ) and toluene ( Figure 2B ). As can be seen, the use of pentane for extraction caused the formation of precipitates, which also can be happen when using hexane, since crude oil typically contains components that are not soluble in these solvents, like asphaltenes. These precipitates can interfere in quantification of the oil concentration.
Influence of polymers
The injection of polymers can generate produced water that is at least twice as viscous as conventional produced water ( However, in another study using concentrations of 200 and 400 ppm of a HPAM having a molecular weight of 3*10 6 daltons and a hydrolysis degree of 30%, with or without a surfactant and alkali, the emulsion was less stable, meaning the polymer had a flocculating effect (Di et al., 2001) . The results of this same study indicated that polymers can be adsorbed at the water-oil interface and compete with surfactants for this space.
In 2002, Deng and collaborators showed that polyacrylamide has two effects, it can either facilitate or hinder flocculation, depending on the concentration in the medium (Deng et al., 2002b) . . However, the oil concentrations using 200 and 400 mg L -1 were close and the authors did not present the standard deviations (Deng et al., 2002b) . The results also showed that the HPAM made the zeta potential more negative and increased the interfacial elasticity, making coalescence of the oil droplets more difficult (Deng et al., 2002b).
Ma et al. (2013)
studied the influence of a polymer on the stability of an oily wastewater from the Shengli Oil Production Plant. They compared the differences using one medium (A) with 40 mg/L of polymer and another (B) without this viscosifier. They reported that on the first day there was no significant difference between the separation efficiency of the two streams. However, as time passed, the separation of current B became greater, reaching approximately 93% on the fifth day in relation to the first, while the result for current A was only 62%.
The authors explained the small difference at the start by the flotation of large oil droplets. Since the difference in viscosity of the two currents was small (1.02 mPa s for sample A and 0.84 mPa s for sample B), they considered viscosity to be an important factor for the difference in separation efficiency on the following days. Droplet size was also considered important since on the second day of separation the sizes of the droplets from current A were for the most part smaller than 10 μm, while for current B the size range was 10 μm to 100 μm. According to the authors, this significant size difference was not found at the start of separation, meaning that the viscosifier used for polymer flooding hampers coalescence of the droplets, resulting in the size difference on the second day. This difficulty is likely not related to the difference in electrostatic repulsion, since the zeta potential of sample A was -37.6 mV and for sample B it was -37.9 mV (similar values). Thus, they listed other possibilities for the negative influence of polymers on droplet coalescence: reduced frequency of collision of droplets due to the increased viscosity; formation of a tight and elastic adsorption layer due to adsorption of the polymer in the oil droplets; and action of the polymer as a steric barrier (Ma et al., 2013) .
The authors also evaluated how viscosity influences the gravitational separation in function of droplet size. They observed that the more viscous the wastewater, the greater was the size of the recovered oil droplets, i.e., the larger droplets have a greater facility to reach the surface. They also assessed the effect of temperature on the emulsion's stability (23 °C and 55 °C). Although droplets larger than 100 μm were produced at the higher temperature but were not present at the lower one, droplets between 1 to 10 μm continued to predominate, probably because despite the greater number of collisions between droplets at the higher temperature, these shocks were not effective in causing coalescence due to the polymer's presence (Ma et al., 2013) .
Finally, the authors studied the effect of an efficient flocculant, which modified the zeta potential from -37.6 mV to -33.7 mV, leading the authors to suggest that the spatial stability, rather than electrostatic stability, is the main factor for the stability of wastewaters containing polymers (Ma et al., 2013) .
In another study, Deng et al. (2005)
tested cationic flocculants in oily water containing alkali, surfactant and HPAM. Although the oil concentration in the water declined at certain flocculant concentrations, they observed the formation of viscous sediments due to the reaction of the flocculants with HPAM. Besides this, they also observed sorption of the oil droplets in the sediments, leading them to conclude that flocculation is not a good method to treat produced water from ASP flooding in the Daqing oilfield.
Zhao et al. (2008)
investigated the influence of HPAM when using a typical inorganic flocculant, polyaluminum chloride (PAC), and a cationic polyacrylamide at different temperatures. They observed that the efficiency of the PAC increased with rising temperatures, while the efficiency of the cationic polyacrylamide declined with rising temperatures, probably by increasing the probability of reaction with the HPAM and diminishing the efficiency of bridge flocculation. In comparing optimal flocculant concentrations at each temperature (30, 33, 37, and 40 °C), i.e., the concentration that performed the best, they observed that using 100 and 600 mg/L of HPAM, the PAC had greater fluctuations at each temperature, while the optimal dose of the cationic polyacrylamide was more stable, with variations only at 40 °C. Zhang and collaborators (2015), seeking to achieve less viscous flocs, tested a nonionic polymer (polyoxyalkylated polyethyleneimine -PEI) compared with a cationic polyacrylamide (PoAC). They used an oily wastewater (oil concentration near 5,000 mg/L) from an offshore oilfield in China, with an HPAM (280 mg/L). When evaluating the influence of the temperature (30-60 °C) of these two flocculants at a concentration of 300 mg/L they did not observe an influence on the performance of the PoAC, but did observe a strong effect on the efficiency of the PEI, which only managed to reduce significantly the oil concentration at temperatures higher than 45 °C. They also tested the dose effect at 60 °C and observed that at low concentrations the efficiency of the PoAC was greater, reaching 40 mg/L of oil with a dose of 200 mg/L, while the PEI required 400 mg/L to reach the same amount. They also reported that, depending on the flocculant, there can be different optimal rotation and times for flotation and that the flocs formed with PEI were less viscous. They suggested that the flocculation when using PoAC works by electrostatic charge neutralization and bridging, while PEI works by demulsification. They also cited the results of Aguiar and collaborators showing that copolymers containing ethylene oxide and propylene can be used as demulsifiers of water-in-oil emulsions and can displace asphaltenes, which are natural surfactants (Aguiar et al., 2013) . Based on these findings and also on the results of variation of the interfacial tension and interfacial dilational modulus with temperature, the authors concluded that PEI works by demulsification (Zhang et al.,  2015) .
In the previous year, Duan et al. (2014) tested the efficiency of separating oil from water in wastewater containing HPAM of various products containing polyethyleneimine with different concentrations of ethylene oxide and propylene oxide (both diblock and triblock copolymers). They reported that temperature is an important factor for all six products based on polyethyleneimine, with efficiency increasing with rising temperature. However, temperature did not affect the performance of the copolymer made from chloroepoxy propane and dimethylamine. The authors correlated the different efficiency of the products with the hydrophilic-lipophilic deviation (HLD): when the temperature increased, the HLD was shifted to zero and the stability of the emulsion with oil concentration lower than 5,000 mg/L diminished. They also explained the low efficiency of one of the products tested by its high hydrophilicity (Duan et al., 2014) .
Discovering new flocculants is a complex task, since this product must have various attributes to produce good and fast results. Among the desirable results are: the effectiveness at low doses to occupy a reasonable volume; no formation of highly viscous flocs; low cost; and wide concentration range with similar effect, since fluctuations can occur under field conditions. Figure 3 shows photos of the surface of oily water samples 30 minutes after applying a flocculant in different concentrations. It can be seen that concentration affected significantly the formation of flocs in these cases, principally at the concentration of 10 ppm in relation to 50 ppm. The behavior expected of a good flocculant is to maintain efficiency and control the formation of flocs, at different concentration ranges.
Another important factor in determining the stability of oily water is the presence of rock particles, which need to be separated from the water, particularly when destined for reinjection. In this respect, Li et al. (2014) studied the influence of laponite on the stability of produced water containing HPAM. They showed that laponite in the presence of a polymer (100 to 600 mg/L) can make the zeta potential more negative, diminishing the interfacial tension and making the emulsion more stable. The authors indicated the existence of a synergetic effect between polymer and laponite, favoring the emulsion's stability. This effect depends on the laponite concentration, because at high concentrations it can favor flocculation. They also observed the formation of aggregates by means of optical microscopy. The authors could have clarified the synergetic effect if they had explained the tests performed with variation of laponite without the polymer.
As mentioned, the polymers used for CEOR can impair flotation and also the efficiency of filtration by membranes and hydrocylones ( Finally, beside the difficulties found in the present water treatment methods, HPAM is potentially toxic. At high levels (1 mg/L), it can cause lower microbial activity and bad settleability (Luo et al., 2011) . Also, its slow and natural degradation generates toxic monomers (Bao et al., 
CONCLUSIONS
Many factors can affect laboratory experiments on the stability of oily water containing polymers for CEOR, such as salinity, oil content, droplet size and method of preparing the oily water sample.
It has been well established in the literature that HPAM can act in two ways on the stability of o/w emulsions -by promoting or hampering flocculation -depending on the concentration. Based on this, industries may choose between using different water treatment measures according to the level of polymers from EOR in oily wastewaters.
Polymers can interfere in the stability of oily water in various ways: by adsorbing at the oilwater interface, competing with surfactants and flocculants to form a barrier that hinders coalescence, and having a synergetic effect with laponite, if present, favoring the emulsion's stability; by increasing the viscosity of the medium and thus hindering the collision of oil droplets, requiring larger droplets to cause emergence; and by making the zeta potential more negative, increasing the elasticity of the oil-water interface. At low concentrations, nevertheless, it can facilitate flocculation.
Besides influencing the stability of emulsions, additives containing HPAM can also affect the efficiency of heat exchangers, membranes, flotation units, and hydrocyclones. Therefore, it is important to investigate the influence of polymers injectives in oilfields on the stability of emulsions and the efficiency of equipment to develop technologies to overcome the problems related to its use. 
